The Green Fluorescent Protein (GFP) from the jellyfish Aequorea victoria is a widely used marker for gene expression and protein localization studies. Dissection of the structure of the protein would be expected to shed light on its potential applications to other fields such as the detection of protease activity. Using deletion analysis, we have defined the minimal domain in GFP required for fluorescence to amino acids 7-229. This domain starts at the middle of the first small ␣ helix at the N terminus of GFP and ends immediately following the last ␤ sheet. Studies of the amino acids at both termini of the minimal domain revealed that positions 6 and 7 at the N terminus are Glu-specific. (1996) Nat. Biotechnol. 14, 1246 -1251) that a tightly packed structure exists in the protein. We also generated internal deletions within the loop regions of GFP according to its crystal structure and found that all such deletions eliminated GFP fluorescence.
The Green Fluorescent Protein (GFP) 1 from the jellyfish Aequorea victoria has been widely used as a reporter in the determination of gene expression and protein localization (1) (2) (3) (4) . GFP cDNA can be expressed in various cells or organisms with an easily detected fluorescence in the absence of any substrate or cofactor (5) . GFP is a 27-kDa, single-chain polypeptide of 238 amino acids (6) . A key sequence of Ser-TyrGly at amino acids 65-67 near the N terminus functions as the GFP fluorophore (7) . These three amino acids undergo spontaneous oxidation to form a cyclized chromophore responsible for the fluorescence of GFP (8) . Enhanced GFP (EGFP) is a mutant of GFP with a 35-fold increase in fluorescence (9 -11) . This variant has mutations of Ser to Thr at amino acid 65 and Phe to Leu at position 64 and is encoded by a gene with optimized human codons (10) .
Recent crystallographic studies of wild-type GFP and the mutant S65T indicate that the GFP tertiary structure resembles a barrel (12, 13) . It consists of 11 antiparallel ␤ sheets and a single central ␣ helix surrounded by the ␤ sheets. The chromophore resides in the center of the barrel, completely shielded from the extral environment. There are three small ␣ helices within the protein, one of which is located at the N terminus. Most of the ␤ sheets are connected by small loops of one to four amino acids. Two larger connecting loops, beginning at positions 128 and 188, contain 15 and 9 amino acids, respectively.
The compact structure of GFP presumably contributes to its unusual resistance to proteolysis and denaturation. This structure might also explain the observation that few amino acids can be removed from the termini of GFP without affecting its activity. Based on deletion analysis, Dopf and Horiagon (1996) concluded that amino acids 2-232 are the minimal domain required for the fluorescence of wild-type GFP (14) . N-terminal deletions of amino acids 2-8 abolished activity. In contrast, the C terminus of GFP is slightly less critical. A deletion of amino acids 233-238 has activity, but the slightly larger deletion of amino acids 226 -238 does not. A finer map could likely be established by making single amino acid deletions from both ends. Such defined analysis would provide not only the minimal region of GFP that is required for its fluorescence but also information about key amino acids at the termini of GFP that are required for its structure and function.
Here we report a more defined map of the minimal functional domain of GFP based on single amino acid truncation studies of EGFP, and substitution analysis of several important amino acids at the termini of the minimal fluorescent domain. Our study shows that the minimal domain of GFP consists of amino acids 7-229. Additional amino acid deletions at either end dramatically decrease GFP activity. We also found that Glu residues at amino acids 6 and 7 and Ile at amino acid 229 are critical for maintaining GFP activity. Our mutation studies indicate that the amino acid at the N terminus of the GFP minimal domain must be Glu, while the specific amino acid at its C terminus is not critical. Furthermore, internal deletions eliminate GFP fluorescence.
EXPERIMENTAL PROCEDURES
Wild-type EGFP and its deletion mutants were made by PCR with Pfu DNA polymerase (Stratagene). EGFP cDNA was amplified by using plasmid pEGFP-N1 (CLONTECH) as a template and a 5Ј primer with an introduced SacII sequence and a 3Ј primer with EcoRI sequence. These two restriction sites were used for cloning of the amplified sequences into the mammalian expression vector pTRE (CLONTECH). To make the N-terminal deletions, the translation initiation codon AUG was introduced into the 5Ј primer such that translation would start at nucleotide sequences encoding amino acid 7, 8, or 9. To make the C-terminal deletions, a stop codon was introduced into the 3Ј primer * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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such that translation would terminate at amino acid 233, 232, 231, 230, 229, 228, or 227. Site-specific mutations at amino acid 6, 7, or 229 were also created by two-step PCR. First-round PCR was carried out with the primers that contain the mutated nucleotides, and second-round PCR was with the EGFP-5Ј and -3Ј primers containing SacII and EcoRI sites. An insertion sequence containing BglII and HindIII recognition sites was introduced between amino acids 132 and 133, 137 and 138, and 192 and 193, respectively. The mutants were made according to the homology extension procedure (15) . First, the insertion sequence was introduced into a pair of primers that were complementary to each other. In the primers, the inserted sequence was flanked by 15 nucleotides of EGFP cDNA sequence on each side. These two primers along with EGFP-5Ј and -3Ј primers were used for PCR amplification to generate two DNA fragments, corresponding to the N and C termini of GFP. The two DNA fragments were then denatured and renatured to allow them to hybridize at their homologous sequences. The hybrid molecule was then extended to synthesize a full-length EGFP containing the insertion. Internal deletion and mutations were also made by this method. The amplified DNAs were cloned into pTRE for expression in mammalian cells. pTRE is a tetracycline (Tc)-inducible expression vector developed by Gossen and Bujard (16) . In this expression system, a modified cytomegalovirus (CMV) promoter with a Tc-repressor binding element is regulated by a fusion of the tet-repressor and the herpes simplex virus VP-16, designated as tTA (16) . It binds to the promoter only in the absence of Tc. Gene expression needs to be carried out in the cells that have been transfected by tTA, such as CHO/tTA (CLON-TECH). This system gives a higher level of expression than wild-type CMV-promoter systems (17) . The constructs were purified with Qiagen columns and transfected into CHO/tTA cells with a liposome transfection reagent (CLONfectin, CLONTECH). 5.0 g of DNA were incubated with 5 g of CLONfectin for 30 min and overlaid onto 10 6 cells for 1 h in serum-free medium. After 16 h of growth in the medium with serum, the cells were examined with a fluorescence microscope. The transfected cells were also analyzed for fluorescence intensity by FACS (Becton Dickinson). 
RESULTS AND DISCUSSION
The deletion study of Dopf and Horiagon (14) showed that the minimal domain of wild-type GFP begins at the N terminus somewhere between amino acids 2 and 8 and ends at the C terminus somewhere between amino acids 226 and 233 (14) . To further define this map, we made a series of single amino acid deletions from both ends of an enhanced version of GFP. EGFP was used as a target, instead of wild-type GFP, because of its 35-fold higher fluorescence and ease of detection in mammalian cells. The crystal structures of GFP and S65T suggest that mutations in EGFP are unlikely to affect the N-and C-terminal structure of the protein (12, 13) . As shown in Fig. 1A , we made three N-terminal deletions, ␦ 6, 7, and 8 and seven C-terminal deletions, ␦ 233, 232, 231, 230, 229, 228, and 227. All of these deletion mutants were made by PCR and cloned into the mammalian expression vector pTRE. The fluorescence of these mutants was determined by fluorescence microscopy of transiently transfected CHO/tTA cells. Expression from several key constructs was also quantitatively analyzed by FACS. We found that the N-terminal deletion mutant ␦ 6 has similar fluorescence to the full-length EGFP, but additional deletion of one or two more amino acids dramatically reduced the fluorescence (Fig. 1B) . We also determined the activity of some of these mutants by FACS analysis and found that, after subtraction of the autofluorescence background, ␦ 6 exhibited 112% activity compared with the full-length EGFP, while ␦ 7 retained only 12% activity (Table I ). These data indicated that the minimal functional region of GFP starts at amino acid 7.
Similar analyses were performed with the C-terminal deletions of EGFP. All of the C-terminal mutations were shown to have the same fluorescence as the full-length protein, except for ␦ 228 and 227 (Fig. 1C) . Surprisingly, the ␦ 229 mutant exhibits a brighter fluorescence than full-length EGFP (Fig. 1C and Table I ). One possible explanation for this is that some of the amino acids after amino acid 229 may have a negative affect on GFP fluorescence via a non-favorable interaction with residues located in the barrel structure. ␦ 228 has 56% fluorescence compared with the full-length protein (Table I) . ␦ 227 mutant exhibits the similarly declined fluorescence as ␦ 228 (data not shown). Western blot analysis with GFP antibodies indicated that similar amounts of protein were used in this study, suggesting that variations in fluorescence are due to the difference in structure rather than protein levels (data not shown). Therefore, the minimal functional domain of GFP ends at amino acid 229. Taken together, these N-and C-terminal deletion analyses reveal that amino acids 7-229 comprise the minimal functional domain of EGFP required for fluorescence.
From the N-terminal deletion analysis, we know the importance of amino acid 7 in determining GFP fluorescence. Primary amino acid sequence of GFP indicates a Glu residue at this position. There are at least two possible ways that this amino acid might contribute significantly to the fluorescence properties of GFP. First, the negatively charged Glu may be needed for interaction with another oppositely charged amino acid to maintain the structure and function of GFP. Alternatively, this position may simply need to be physically occupied by an amino acid. To distinguish between these two possibilities, we changed the Glu residue to other amino acid residues. Because there is another Glu residue at amino acid 6, we made single and double mutations of these two Glu residues to a neutral amino acid, Ala, or to the positively charged amino acid, Lys (Fig. 2A) . Change of either one of these two Glu residues to Ala or Lys did not affect fluorescence compared with unmodified EGFP in transfected CHO/tTA cells (Fig. 2B) . However, when both of the Glu residues were changed to Ala or Lys, the activity was reduced dramatically (Fig. 2B and Table I ). These results indicate that one of these two Glu residues, at either position 6 or 7, is essential for GFP fluorescence. Therefore, we conclude that negative charge of these two Glu residues is important to GFP structure and function. To test if these two Glu residues can be replaced by other negatively charged amino acids, we mutated both of them to Asp. We found the green fluorescence of this mutant to be reduced to the same degree as in the Ala and Lys double mutants (Fig. 2B and Table I ). These suggest that the Glu residues at positions 6 and 7 are important not only in providing negative charges but also in maintaining specific contacts. One of these two negatively charged residues might interact with a positively charged residue within GFP, and the interaction is important to GFP structure and function. According to the crystal structure of GFP, these two Glu residues are located in a short ␣ helix at the N terminus, from amino acids 3 to 9 (12, 13) . Although the ␣ helix is destroyed in the deletion mutant ␦ 6, this variant has the same fluorescence as full-length GFP (Table I) . Therefore, we conclude that an intact ␣ helix structure near the N terminus is not critical for fluorescence.
The last amino acid at the C terminus of the GFP minimal domain is a neutral Ile residue. Thus, ionic charge interaction at this position is probably not an essential factor in determining the GFP structure and function. Since Ile is a hydrophobic amino acid, it is possible that the hydrophobic character of the amino acid may be important to GFP structure and function. To determine the contribution of this single amino acid to GFP structure and function, we mutated this Ile residue to another hydrophobic residue Leu and to the positively charged Lys or the negatively charged Asp (Fig. 3A) . The fluorescence of these three mutants was examined in CHO/tTA cells and no difference was found between the fluorescence of the mutants and full-length GFP (Fig. 3B and Table I ). Therefore, the hydrophobicity of the Ile residue at amino acid position 229 is not critical. According to the crystal structures of GFP and S65T (12, 13) , the last antiparallel ␤ sheet ends at amino acid 228. Ile at amino acid 229 is excluded from the ␤ sheet, so the disturbance of this structure by the mutations does not account for its importance in GFP function. Based on the lack of preference for a specific amino acid at this position, we conclude that physical occupancy of this position is important to GFP structure and function.
According to its crystal structure, GFP contains the two largest loops, which locate from amino acids 129 to 142 and Deletions of the A. victoria GFPfrom 189 to 196. The regions do not directly participate in forming the ␤-can structure but rather serve as "lid" to the barrel. To determine if these regions are critical to GFP fluorescent activity, we generated two internal deletions, Del [132] [133] [134] [135] [136] [137] [138] [139] and Del [191] [192] [193] [194] [195] , one within each of these regions. Eight amino acids are deleted from Del [132-139] and 5 amino acid from Del [191] [192] [193] [194] [195] . These two deletion mutants showed no fluorescence after they were transfected into CHO/tTA cells (Table II) . Therefore, these loop regions are required for either proper folding of GFP or for maintaining its structure. We found that these two regions are sensitive not only to deletions but also to insertions. We chose three insertion sites, two in between amino acids 132 and 133 and 137 and 138 and one in between 192 and 193. These three insertions also inactivate GFP activity (data not shown). The results suggest that the structures of these two loops are important to GFP structure and fluorescence. Change of their length, either by shortening or enlarging, will destroy GFP fluorescence. There are two small ␣ helixes that span from amino acids 76 to 81 and from 83 to 88. To test if these two small structures are necessary for GFP fluorescence, we first deleted these two structures. We found no fluorescence when they were examined in CHO/tTA cells (Table II) . The inactivation might be due to the changed global structure of GFP by such deletions. To eliminate such influence, we then mutated each of the amino acids within these two regions to Ala, Ala [76 -81] and Ala [83] [84] [85] [86] [87] [88] . The mutations also destroyed GFP fluorescence (Table  II) . The results indicate these two ␣-helix structures are required for GFP fluorescence.
In conclusion, we have determined that the minimal functional domain of GFP spans the region from amino acids 7 to 229. Additional amino acid deletions from either terminus of GFP dramatically reduced fluorescence. Our results indicate that a total of 15 amino acids can be deleted from GFP. Removal of a total of 15 amino acids from GFP defines a smaller form of the reporter that might be useful for systems where the size of full-length GFP is limiting, such as studies with neuronal cells where axonal movement of the reporter may be improved. The smaller form may also be useful as a tag for GFP-fusion studies. It is feasible that direct fusion of some proteins to the N or C terminus of GFP for use in protein FIG. 2 . Specific mutations of Glu residues at amino acids 6 and/or 7. A, the Glu residues at amino acid 6 or/and 7 were mutated to Ala, Lys, or Asp. B, the mutants were examined for fluorescence in CHO/tTA cells as described in Fig. 1.   FIG. 3 . Specific mutations of Ile residues at amino acid 229. A, the Ile residue at amino acid 229 was mutated to Leu, Lys, or Asp. B, the mutants were examined for fluorescence in CHO/tTA cells as described in Fig. 1 . localization studies may alter the tertiary structure of GFP and thereby decrease its fluorescence (17) . Removal of the N or C terminus may prohibit this structural influence. According to the crystal structure of GFP, a small ␣ helix structure extends from amino acid 3 to 9, at the N terminus of GFP. Our Nterminal deletion results indicate that this ␣ helix is not critical to GFP structure and function because some of our N-terminal deletions have destroyed the structure while maintaining fluorescence. In contrast to this N-terminal small ␣ helix, the internal two small ␣ helixes are critical for GFP fluorescence.
Either deletions or mutations of these two ␣ helixes destroy GFP activity. The fluorescence of GFP is also sensitive to the other internal deletions within the two largest loop regions. The sensitivity of GFP fluorescence to such internal deletion mutations suggest the importance of these loops in maintaining GFP structure and function. There is a short tail, from amino acids 229 to 238, following the last ␤ sheet. This tail, but not amino acid 229, can be deleted from GFP without affecting fluorescence. Amino acid 229 is important in maintaining GFP activity, but changing Ile to other amino acids does not affect GFP activity. Therefore position 229 is not Ile-specific. Physical occupancy of this position is likely to be more important than the chemical property of the amino acid. This occupancy may play a role in maintaining the last ␤ sheet. In contrast, positions 6 and 7 are Glu-specific. Change of these amino acids to other amino acids, including Asp, remarkably reduces GFP activity. These results indicate that the Glu residues at position 6 and 7 contribute not only negative charge but also specific interactions within the GFP structure. The exact structural and functional role of the Glu residues at amino acids 6 and 7 and Ile at amino acid 229 in GFP needs further study.
